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Finding a basis for flipping bases
Xiaodong Cheng1 and Robert M Blumenthal2
Rotation of a DNA nucleotide out of the double helix and
into a protein binding pocket (‘base flipping’) was first
observed in the structure of a DNA methyltransferase.
There is now evidence that a variety of proteins use base
flipping in their interactions with DNA. Though the
mechanism for base flipping is still unclear, we propose
a three-step pathway: recognizing the target site and
increasing the interstrand phosphate–phosphate distance
nearby, initiating base flipping by protein invasion of the
DNA, and trapping the flipped DNA structure. 
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“Tully was not so eloquent as thou, Thou nameless
column with the buried base.” Lord Byron (1788–1824),
Childe Harold’s Pilgrimage, canto iv, stanza 110.
Exploration of the DNA double helix continues to provide
surprises. One surprise came from structural studies of
enzymes that transfer a methyl group from S-adenosyl-L-
methionine (AdoMet) to a ring carbon atom of cytosine,
generating 5-methylcytosine (5mC). In the 5mC DNA
methyltransferases (M.), the catalytic side chains are situ-
ated on a typical concave surface. Indeed, M.HhaI [1,2]
shows profound structural similarity [3] to catechol-O-
Mtase [4], an enzyme that uses AdoMet to methylate cate-
chol. Although the substrates of these two enzymes,
catechol and cytosine, are both six-membered ring mol-
ecules, they are presented to the enzyme in radically dif-
ferent ways: catechol is a free small molecule, while the
target of DNA methyltransferases is buried within the
DNA. This raises the question as to how the DNA
methyltransferase reaches its substrate.
The surprisingly straightforward solution to this question
was revealed by the structure of M.HhaI bound to its sub-
strate DNA [2]. As shown in Figure 1a, the target cytosine
rotates on its sugar–phosphate bonds such that it projects
out of the DNA and fits nicely into the catalytic pocket of
the methyltransferase. DNA distortion is confined essen-
tially to this ‘flipped’ nucleotide and its nearest neighbors
on the same strand. The guanine that was previously base-
paired to the cytosine is held in its original position by
hydrogen bonds with an amino acid (white in Fig. 1a) of
the invading protein; this amino acid also replaces some of
the lost stacking interactions. This solution to the problem
was confirmed when the structure of M.HaeIII, in
complex with DNA, was also solved. In this structure the
DNA distortion is slightly more pronounced [5]. 
The purpose of this minireview is to address three ques-
tions: why might a protein engage in base flipping, what
structural or sequence features are used in base flipping, and
how is the process of base flipping initiated and carried out?
Why might a protein engage in base flipping? 
An earlier review summarized the direct and indirect evi-
dence for base flipping by various proteins [6]. We will
provide several possible rationales for base flipping and
provide a few recent examples.
One reason to flip out a DNA nucleotide is to subject it 
to chemical modification within a catalytic pocket, as we
have just noted for the 5mC methyltransferases. The
amino methyltransferases, another class of DNA methyl-
transferases, use AdoMet to methylate the exocyclic
amino groups of adenine or cytosine. None of these amino
methyltransferases have been structurally characterized in
complex with DNA, but M.TaqI (an adenine methyltrans-
ferase) has a catalytic-domain structure very similar to that
of M.HhaI [3,7]. Furthermore, the DNA amino methyl-
transferases contain most of the conserved sequence
motifs seen in 5mC methyltransferases [8]. Thus, this
group of enzymes almost certainly flips out the target
nucleotide. Some RNA-modifying enzymes might also
flip out target bases. One particularly likely candidate is
double-stranded RNA-specific adenosine deaminase [9];
its substrate is buried within an A-form double helix. 
Several DNA repair enzymes have been shown to possess
concave active sites that could be fitted most simply to their
substrate via base flipping (see [6]). An example of this
property is provided by uracil-DNA glycosylases (UDG-
ases), which remove uracil from DNA. We find striking sim-
ilarities between the spatial arrangement of the concave
active sites of Herpes simplex virus type-1 UDGase (Gln87-
Asp-Pro-Tyr90 and Phe101; [10]) and M.TaqI (Asn105-Pro-
Pro-Tyr108 and Phe196; [3,7]). In addition, the structure of
UDGase crystals soaked in uracil showed uracil in the active
site pocket [10]. DNA having a flipped nucleotide, taken
from the M.HhaI–DNA structure, can be docked surpris-
ingly well against the basic face of the UDGase (as pro-
posed in [10]), with superimposition of the flipped cytosine
ring onto the UDGase-bound uracil and the uracil-flanking
phosphates contacting UDGase (Fig. 1b).
A second reason to engage in base flipping is to open up
space within the DNA to allow convex active sites to gain
access. The T4 endonuclease V (endo V), which excises
thymine dimers, flips out one of the complementary
adenines (Fig. 1c) and thereby makes the dimer accessi-
ble to the catalytic side chains of enzyme [11]. The
flipped adenine itself is not modified in any way.
A third reason to base flip might be simply to stabilize a
protein–DNA complex, preventing linear diffusion of the
protein away from a particular DNA site. This could be
used by transcription factors or proteins that play a structural
role in chromatin. No proteins of this type have been shown
to actually flip a base, but one comes close: ETS1 is a
human oncogene product that inserts its side chains into the
minor groove at its target sequence, displacing a cytosine to
the very border of the double helix where it is held by stack-
ing interactions with a tyrosine residue (see Fig. 4 of [12]). 
A fourth reason for base flipping was suggested by Roberts
[6], who proposed that base flipping might be used to
nucleate strand separation. Thus helicases, bacterial RNA
polymerase sigma subunits, and other strand-separating
proteins might flip out a base. 
Finally, some proteins may mimic base flipping without
actually flipping anything. The bacteriophage T7 ATP-
dependent DNA ligase has a structure that broadly resem-
bles that of the DNA methyltransferases [13]. Subramanya
et al. have proposed [13] that the reaction intermediate,
which has AMP covalently bonded to the target nick in
the DNA, is formally analogous to the DNA methyl-
transferase intermediates: the AMP is ‘flipped out,’ even
though no bases are missing from the target DNA. 
What structural or sequence features are used in base
flipping? 
The structures of three base-flipping proteins complexed
with DNA are now available: those of M.HhaI [2],
M.HaeIII [5], and T4 endo V [11]. Common features in
the recognition processes used by these enzymes should
provide important clues to the mechanisms they use for
base flipping. 
Phosphate contacts
Figure 2 schematically illustrates the similarities between
the protein–DNA interactions of all three enzymes. For
both methyltransferase–DNA complexes, six phosphates
on the methylated strand contact the protein [5]: three on
the 5′ side and three on the 3′ side of the target cytosine,
regardless of the position of the target base within the
recognition sequence (second of four for M.HhaI and third
of four for M.HaeIII). The two phosphates 5′ to the flipped
base, P2 and P3, interact with three conserved amino acids
(see below) and deviate substantially (~4.5 Å for M.HhaI)
from their normal positions in B-form DNA [2]. 
In the T4 endo V–DNA structure [11], phosphate contacts
on the strand containing the flipped adenine are apparently
different from those in the methyltransferase–DNA com-
plexes, as they are only made by main chain atoms or are
water mediated. Surprisingly, these contacts do not involve
the phosphates immediately flanking the flipped adenine
(Fig. 2b). However, six (possibly seven) phosphates on the
opposite strand (containing the thymine dimer) contact the
protein. In particular, the two phosphates of the dimerized
thymines make multiple contacts with protein side chains
and deviate most from their normal positions in B-form
DNA [11]. These interactions resemble those between
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Figure 1
Structures of three base-flipping proteins, generated by RIBBONS [23]. DNA
bases are shown in green, sugar–phosphate backbones in magenta, and
protein as brown. (a) M.HhaI complexed to its substrate DNA (PDB code
1mht) [2]. S-adenosyl-L-homocysteine is shown in yellow, Gln237 in white, and
Ser87 and the catalytic loop in blue. (b) Herpes simplex virus type-1 UDGase
[10] docked to DNA with a flipped nucleotide. A similar model complex was
proposed for human UDGase with a leucine residue penetrating the DNA from
the major groove [24]. (c) T4 endo V complexed to DNA containing a thymine
cyclobutane dimer (PDB code 1vas) [11]. The dimerized thymines are shown
in red, and the catalytic amino acids (Arg22, Gln23, and Arg26) in white.
(a) (b) (c)
5mC methyltransferases and the DNA strand containing
the flipped nucleotide. Evidently, all three base-flipping
proteins make comparable patterns of phosphate contacts
with one of the DNA strands flanking the target base pair,
but the flipped base can be on either strand.
From the protein side, three regions of the DNA methyl-
transferase primary sequence contact P1–P6 (Fig. 3a): the
active site loop (blue in Fig. 1a), the conserved 5mC
methyltransferase sequence motif VIII [14], and the
‘target-recognizing domain’ (TRD) [15]. Two conserved
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Figure 2
DNA recognition by three base flipping proteins. (a) Consensus
pattern of methyltransferase–DNA contacts on the strand containing
the flipped nucleotide. The consensus was derived from DNA
complexes with M.HhaI [2] and M.HaeIII [5]. Conserved amino
acid–phosphate contacts are shown as white letters on black; non-
conserved amino acid–phosphate contacts are represented as boxed
bold letters. aG indicates an amino acid contact with guanine (shaded)
5′ to the flipped cytosine (shaded). (b) DNA phosphate contacts made
by T4 endo V [11]. The lines indicate contacts mediated by side-chain
atoms (⋅-⋅-), by main chain atoms (…), and by water (w)(--). The number
in parentheses refers to the shortest interatomic distance in Å. Amino
acids are shown in single-letter code.
642 Structure 1996, Vol 4 No 6
amino acids contact P3: a serine residue in sequence motif
IV (which is part of the loop) and an arginine residue in
motif VIII. The TRD contacts P1, P2, and P4 in the
arrangement aP1–7X–aP2–F–2X–aP4 (where aP1 is the
amino acid contacting P1, X is any amino acid, and F is a
bulky hydrophobic amino acid). The identities of aP1 and
aP4 are not conserved, but aP2 is a conserved threonine [15]. 
Base contacts
Unlike T4 endo V, the DNA methyltransferases carry out
base flipping within specific nucleotide sequences. The
base contacts in the recognized sequence are expected to
differ between M.HhaI and M.HaeIII due to their differ-
ent specificity. However, there is a shared feature: the
guanine 5′ to the flipped nucleotide is contacted by an
arginine residue situated two amino acids upstream of aP1
(Fig. 3a). This shared recognition pattern may be common
to other 5mC methyltransferases recognizing a guanine 5′
to the target base; Figure 3b shows a sequence alignment
of their TRD-containing regions. When there is a guanine
5′ to the target cytosine, arginine is almost always found
two amino acids upstream of aP1. When the 5′ nucleotide is
cytosine, a glutamine or asparagine is found at the corre-
sponding position. Therefore, in the immediate neigh-
bourhood of the target nucleotide, and particularly 5′ to it,
DNA methyltransferases appear to use a conserved
approach to base recognition and phosphate interaction.
The reason for such conservation may be that both inter-
actions are required for base flipping, since such uni-
formity of sequence recognition mechanisms is not seen 
among other sequence-specific enzymes, such as restric-
tion endonucleases. The fact that DNA methyltransferases
do not show much binding specificity for the flippable
base itself [16,17] may reflect a need to leave this base
unencumbered by recognition contacts. 
How is the process of base flipping initiated and carried out? 
The mechanism of base flipping is unknown, because no
intermediates have been characterized. It would certainly
be useful to have the structure of any base-flipping protein
in its starting state, complexed to non-specific DNA. In
the meantime, our working hypothesis is that base flipping
occurs in three stages, which could well be overlapping. 
Stage one
In the first stage, the proteins must locate and bind 
to their target. DNA repair enzymes could recognize a
pre-existing DNA backbone deformation resulting from
mismatched or damaged bases [18], but DNA methyl-
transferases that act on undamaged DNA would have to
rely on sequence-specific recognition. The phosphates of
one particular strand are bound so as to increase the inter-
strand phosphate–phosphate distance, disrupting the
target base pair and providing a path for either base of the
pair to rotate out of the double helix. This is consistent
with the similar phosphate contact patterns shown by the
three structurally characterized base-flipping proteins
(Fig. 2), and with the fact that these contacts are made on
either the same (5mC methyltransferases) or the opposite
(T4 endo V) strand as the base to be flipped. This local
opening at the target base pair might be facilitated by
already weakened hydrogen bonds, such as those resulting
from mismatched or damaged bases, or by the transient
hydrogen bond breakage that occurs spontaneously in
DNA molecules — a phenomenon termed ‘breathing’
[19]. Alternatively, base pairs may undergo reciprocal tauto-
merization between keto : amino and enol : imino forms on
a picosecond timescale [20], and a major groove protein
nucleophile (not yet identified) might actively break a
particular hydrogen bond by pulling an enol or amino
proton out of line with the paired base. 
Stage two
The second stage would involve protein invasion of the
DNA to push out the flippable base. This may be
achieved by invading the minor groove with ‘wedge’ side
chains [12] to bend (or kink) the DNA. In support of this
idea T4 endo V reveals a kink, centered on the thymine
dimer, which is associated with minor groove invasion by
the catalytic side chains (white in Fig. 1c). In M.HhaI, a
side chain (white in Fig. 1a) approaches the DNA from
the major groove and stabilizes the DNA in its B-form
conformation; it is worth noting that mutants affecting this
amino acid do not affect sequence specificity but do
greatly reduce stability of the protein–DNA complex [21].
Although the flippable base can be pushed out of the
double helix in either direction, a given protein pushes a
particular base in a particular direction only (T4 endo V
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Figure 3 (on facing page)
Alignment of multiple 5mC DNA methyltransferase sequences
(EC 2.1.1.73). Conventions used are the same as in Figure 2.
(a) Sequence alignment of the DNA-interacting regions from M.HhaI and
M.HaeIII. The schematic diagram also shows ten conserved motifs [14]
and the TRD [15]. A serine and an arginine interact with P3. Twelve
residues downstream of this serine residue is the amino acid contacting
P5 (aP5). A threonine interacts with P2. Eight residues upstream of this
threonine is aP1, and four residues downstream is aP4, using either main-
chain (in M.HhaI) or side-chain atoms (in M.HaeIII). Two amino acids
upstream of aP1 is the arginine recognizing the guanine 5′ to the target
cytosine (aG). (b) Alignment of TRDs from 12 monospecific methyl-
transferases, and 15 TRDs from five phage-coded multispecific
methyltransferases. Among the 23 specificities that contain GC, 22 TRDs
match the consensus. The only exception is M.CviJI (recognizing RGCY)
in which no credible candidate TRD, or motifs IX or X [14], can be found.
The guanine contacting aG (arginine), aP2 (threonine), and aP3 (serine and
arginine, not shown) are completely conserved. Five alternative amino
acids are used at aP1. The aP4 is more variable, with nine alternatives,
consistent with M.HhaI using main chain NH to contact P4 [2]. If the
substrate contains cytosine 5′ to the target base, asparagine or glutamine
are found in place of aG. If the base to be methylated is the first in the
recognition sequence (CCGG of M.SprI and CG of M.SssI), a
hydrophobic amino acid is present in that position. There are four
examples where the spacing between aP1 and aP2 is six amino acids. 
The conserved amino acids in motif IX are shown as bold upper case.
pushes adenine out through the major groove; the 5mC
methyltransferases push cytosine out through the minor
groove). This process may be more compatible with the
convergent evolution of base flipping among different
protein families than with divergent evolution from ances-
tral mismatch repair proteins (see [6]).
Stage three
We know most about the third stage of base flipping, trap-
ping the flipped DNA structure, since this is the only
stage directly addressed by crystallography of the flipped
complexes and by equilibrium binding studies. In this
stage, the flipped structure is stabilized by interactions
between the flipped base and the protein binding pocket,
by additional phosphate contacts, and by contacts
between invasive amino acids and the orphaned base or
the flanking base pairs. All of these stabilizing interactions
play a role in the two 5mC DNA methyltransferases and
T4 endo V, but do not explain how base flipping is initi-
ated; hence the tentative nature of the proposed first two
stages. DNA methyltransferases bind more tightly when
the flippable base is mispaired in the DNA [16,17],
though mismatched bases should still be partially paired
and remain in the double helix [22]. One possible inter-
pretation is that local strand separation (stage one, above)
is facilitated by mismatches, and that the reverse reaction
(returning the base to the double helix) is less favorable
than in normal DNA. The consequences of this mismatch
would push the equilibrium towards the methyltrans-
ferase–DNA complex. Kinetic analysis of binding to
normal and mismatched DNA substrates could shed more
light on the pre-trapping phases by distinguishing
between the rate of complex formation and the equilib-
rium protein–DNA binding.
Coming to grips with flips: summary 
Base flipping may be fundamental to the function of many
DNA-binding proteins. The DNA methyltransferases
combine base flipping with specific sequence recognition,
and their conserved approach to sequence recognition and
phosphate interactions may reflect requirements of the
base-flipping mechanism. Base flipping is suggested to
occur in three stages. Firstly, a target site is recognized
and DNA phosphates are bound on one particular strand
so as to spread locally the phosphates of the target base
pair. The displacement of the phosphate provides an exit
path for the flippable base, which need not be on the same
strand as the phosphate contacts. The specificity and rate
of this process might be increased by damage- or protein-
induced weakening of base pairing at a specific location.
Secondly, once the target has been bound, protein inva-
sion takes place, which pushes a base out from either 
the major or minor groove side of the DNA. Finally, the
flipped structure is trapped. The structure of an early
intermediate in the base-flipping process and kinetic
analyses of DNA binding by base-flipping proteins would
be extremely useful in helping us to further understand
this important mechanism.
Note added in proof
Trautner and coworkers (1996) have just published a study that makes
the same observation of a conserved arginine in the TRD region of
methyltransferases that is responsible for the recognition of the
guanine 5′ to the target cytosine. (Lange, C., Wild, C. & Trautner, T.A.
(1996). Identification of a subdomain within DNA-(cytosine-C5)-methyl-
transferases responsible for the recognition of the 5′ part of their DNA
target. EMBO J. 15, 1443–1450.)
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